Abstract -A TEM study of pure tantalum and tantalum-tungsten alloys explosively shocked at a peak pressure of 30 GPa is presented. While no omega phase was found in shock-recovered pure Ta and Ta-5W that contain mainly a cellular dislocation structure, shock-induced omega phase was found in Ta-10W that contains evenly-distributed dislocations with a density higher than 1 x 10 12 cm -2 . The shock-induced α (bcc) → ω (hexagonal) transition occurs when dynamic recovery of dislocations become largely suppressed in Ta-10W shocked under dynamic pressure conditions. A dislocation-based mechanism is proposed for the shock-induced phase transformation.
Introduction
Previous TEM studies of deformation substructures developed in tantalum and tantalum-tungsten alloys shocked at a peak pressure 45 GPa have revealed the occurrence of shock-induced phase transformation [i.e., α (bcc) → ω (hexagonal) transition] in addition to shock-induced deformation twinning [1, 2] . The volume fraction of twins and ω phase-domains increases with increasing content of tungsten. A controversy arises since tantalum exhibits no clear equilibrium solid-state phase transformation under hydrostatic pressures up to 174 GPa [3] [4] [5] . It is known that phase stability of a material system under different temperatures and pressures is determined by system free energy. That is, a structural phase that has the lowest free energy is stable. For pressureinduced phase transformation under hydrostatic-pressure conditions, tantalum may undergo phase transition when the free energy of a competing phase, say ω, becomes smaller than that of the parent phase (α) above a critical pressure (P eq ), i.e., the equilibrium α (bcc) → ω (hexagonal) transition occurs when the pressure increases above P eq . However, it is also known that material shocked under dynamic-pressure conditions can lead to a considerable increase in temperature, and the higher the applied pressure the higher the overheat temperature. This means a higher pressure is required to achieve an equivalent volume (or density) in dynamic-pressure conditions than in hydrostaticpressure conditions. Accordingly, P eq for α (bcc) → ω (hexagonal) transition is anticipated to increase under dynamic-pressure conditions as a result of the temperature effect. Although no clear equilibrium transition pressure under hydrostatic-pressure conditions is reported for tantalum [3] [4] [5] , it is reasonable to assume that P eq under dynamic-pressure conditions will be considerably higher than that under hydrostatic-pressure conditions if there is a pressure-induced α (bcc) → ω (hexagonal) transition in tantalum. The observation of α (bcc) → ω (hexagonal) transition in shock-compressed tantalum and tantalum-tungsten alloys at 45 GPa in fact reveals the occurrence of a non-equilibrium phase transformation at such a low pressure. It is therefore postulated that the equation of state (EOS) based on static thermodynamics, which asserts that the system free energy (G) is a function of volume (V), pressure (P), and temperature (T), i.e., G = F(V, P, T) is insufficient to rationalize the system free energy under dynamic-pressure, i.e., high strain-rate and high pressure, conditions.
Since shear deformation was found to play a crucial role in shock-induced deformation twins and ω phase, density and arrangement of dislocations, which can alter and increase the system free energy, shall also be taken into account to rationalize the phase transformation in shocked tantalum and tantalum-tungsten alloys.
Typical arrangements of dislocations formed in pure tantalum shocked at 45 GPa (a result of the previous experiment [1, 2] ) are shown in Figs. 1a and 1b. Figure 1a reveals a cellular dislocation structure but neither twin nor ω phase-domain was observed in this region (grain). The formation of a cellular dislocation structure, which contains cell walls associated with a lowdensity dislocation structure within the cells, indicates the occurrence of dynamic-recovery reactions. Note that dynamic-recovery reactions usually involve the following two reactions: (1) the mutual annihilation of dislocations with the same Burger's vector of opposite sign (± b) and (2) the interaction of dislocations with different Burger's vectors (b1 and b2) to form a "junction" dislocation (b3), i.e., b1 + b2 → b3. Both reactions can lead to a decrease in dislocation density. (2) to clarify the correlation between dislocation structure (i.e., density and arrangement) and shock-induced α (bcc) → ω (hexagonal) transition.
Experimental
Ingot metallurgy (IM) test materials (commercially pure Ta, Ta-5wt.%W, and Ta-10 wt.%W) in the form of plate stock produced using a standard electron-beam melting process were obtained from Cabot Corporation, Boyertown, PA. Details of explosively driven shock-recovery experiment used for this investigation can be found in [6] . Single explosively driven shock-recovery experiments were conducted by detonating explosive on hemisphere-shaped alloy plates (3mm thick) that were shocked into polyurethane foams immersed in a water tank. The shock experiments were carried out under a peak pressure of 30 GPa simulated using a CALE continuum hydrodynamic code [7] . Thin foils for TEM characterization were prepared by a standard procedure that includes slicing, grinding, and polishing the recovered fragments with the foils surface approximately perpendicular to the loading axis. Final thinning of the foils was performed using a standard twin-jet electropolishing technique in an electrolyte (94 vol.% methanol, 5 vol.% sulfuric acid and 1 vol.% hydrofluoric acid) at 25 V and -20 C. The microstructures of shock-recovered fragments were then characterized using a JEOL 200CX transmission electron microscope (TEM). A software package "CaRIne Crystallography 3.1" was employed to simulate diffraction patterns in order to identify the shock-induced ω phase.
Results and Discussion

TEM charactrization
Figures 2a and 2b are bright-field (BF) TEM images showing that cellular dislocation structures were observed in shock-recovered pure Ta and Ta-5W samples. In addition, twins and ω phasedomains, as observed in pure Ta shocked at 45 GPa (Fig. 1b) , were not found in pure Ta and Ta-5W shocked at 30 GPa. Figure 2c however shows that the dislocation structure formed in Ta-10W shocked at the same pressure is very different. Here the dislocation lines formed in shocked Ta-10W are much denser and evenly distributed, which are very similar to those observed in Fig. 1b 
Identification of shock-induced ω phase
It is known that the ω (hexagonal)-lattice can be perceived by collapsing one pair of (111) planes within the α (Ta, bcc)-lattice and leaving the adjacent (111) planes unaltered [8] . Note that this collapse model was originally proposed to explain the β (bcc) → ω (hexagonal) transition in group IV transition metals (titanium, zirconium, and hafnium), which have an hcp (α) structure at room temperature but transform to a bcc (β) structure at high temperatures. The atomic displacements These results confirm that the crystal structure of shock-induced ω phase is not ideal-hexagonal but pseudo-hexagonal as illustrated and explained in Fig. 3b .
A proposed mechanism for the shock-induced phase transformation
A bcc structure can be constructed by stacking the {211} planes with a sequence of A B C D E F,
i.e., the six different positions of atom layers projected normal to the {211} planes. Similar to the shear mechanism for deformation twinning, i.e., homogeneous 1/6<111> shear in the consecutive {211} α planes, the α (bcc) → ω (hexagonal) transition can take place through the inhomogeneous shear of 1/12<111>, 1/3<111>, and 1/12<111> in three consecutive {211} α planes, as illustrated in 
Conclusions
Shock-induced α (bcc) → ω (hexagonal) transition in tantalum, which exhibit no clear solidstate phase transformation under hydrostatic pressure conditions, was further investigated through single explosively driven shock-recovery experiments conducted by detonating explosive on hemisphere-shaped alloy plates to generate a peak pressure of 30 GPa. The onset of α (bcc) → ω (hexagonal) transition is found to be intimately related to the density and arrangement of dislocation structure. While no ω phase-domain was found in the shock-recovered pure Ta and Ta-5W samples that contain mainly cellular dislocation structures, many ω phase-domains were observed in the shock-recovered Ta-10W sample that contains evenly-distributed dislocations with a high dislocation density (ρ > 1 x 10 12 cm -2 ). It is suggested that the shock-induced α (bcc) → ω (hexagonal) transition is an alternative deformation mechanism to accommodate insufficient dislocation flux resulting from the exhaustion of dislocation sources when dynamic recovery reactions for dislocation annihilation and cellular dislocation structures become largely suppressed. Fig. 1 . Bright-field TEM images demonstrate the formation (a) a cellular dislocation structure due to dynamic recovery reactions and (b) a dense and evenly distributed dislocation structure coexists with twins and ω phase-domains in pure Ta shocked at 45 GPa (a result of the previous experiment [1, 2] ). 
